Brain connectivity is traditionally thought to be important for creativity. Here we investigated the associations of creativity measured by divergent thinking (CMDT) with resting-state functional magnetic imaging (fMRI) measures and their sex differences. We examined these relationships in the brains of 1277 healthy young adults. Whole-brain analyses revealed a significant interaction between verbal CMDT and sex on (a) regional homogeneity within an area from the left anterior temporal lobe (b) on the resting state functional connectivity (RSFC) between the mPFC and the left inferior frontal gyrus and (c) on fractional amplitude of low frequency fluctuations (fALFF) in several distinct areas, including the precuneus and middle cingulate gyrus, left middle temporal gyrus, right middle frontal gyrus, and cerebellum. These interactions were mediated by positive correlations in females and negative correlations in males. These findings suggest that greater CMDT in females is reflected by (a) regional coherence (regional homogeneity) of brain areas responsible for representing and combining concepts as well as (b) the efficient functional connection (RSFC) between the key areas for the default state of cognitive activity and speech production, and (c) greater spontaneous neural activity (fALFF) during the resting of brain areas involved in frontal lobe functions, default cognitive activities, and language functions. Furthermore, these findings suggest that the associations between creativity and resting state brain connectivity patterns are different between males and females.
Introduction
A common definition of creativity is the ability to produce work that is both novel and useful within a certain social context (Runco and Jaeger, 2012; Stein, 1953) . The most common measure to evaluate creativity is divergent thinking (DT) ["information retrieval and the call for a number of varied responses to a certain item" (Guilford, 1967) ]. Indeed, performance on DT tasks can predict real-life creative achievement (for the meta analysis, see Kim, 2008) .
The importance of brain connectivity for creativity has been predicted theoretically and demonstrated experimentally. Greater brain connectivity has been suggested to be essential for creativity because of the theoretical importance of combining disparate information (Heilman et al., 2003) . Greater creativity is associated with the microstructural properties of widespread white matter areas (Takeuchi et al., 2010b) and greater functional connectivity between different brain areas during creative tasks (for a review of recent research, see Szameitat et al., 2002) .
Recent studies have also shown unique associations between creativity measured by divergent thinking (CMDT) and resting-state functional connectivity (RSFC) for different brain regions. We have suggested that cognitive processes ongoing during rest, such as imagination, daydreaming, fantasy, and attentiveness to one's own feelings as well as the neural bases underlying these cognitive activities are shown or considered to be important for creativity (for summary, see Takeuchi et al., 2012) . Previous studies using large sample sizes showed that greater CMDT is associated with greater RSFC between the key nodes of the default mode network (DMN; the network that is active at rest) (Takeuchi et al., 2012) as well as between the medial prefrontal cortex (mPFC), one of the key nodes of the DMN, and the language-related area of the left middle temporal gyrus (Wei et al., 2013) .
Recent advances in analysis of resting-state functional magnetic resonance imaging (rsfMRI) have made it possible to reveal new aspects of resting-state brain activity (Chao-Gan and Yu-Feng, 2010) . One such advance is fractional amplitude of low frequency fluctuation (fALFF), which is thought to indicate the magnitude of neural activity during rest (Chao-Gan and Yu-Feng, 2010; Zang et al., 2007) and a direct index of the spontaneous signal fluctuations underlying RSFC. Another measure is degree centrality (DC), which reflects the number of instantaneous functional connections between a region and the rest of the brain (Buckner et al., 2009 ). This measure is suggested to reflect how strongly a given region (node) acts as a cortical "hub" (Buckner et al., 2009) , and thus, to reflect how strongly the node influences other brain regions and integrates information from functionally segregated regions. The third measure is regional homogeneity. This evaluates "the similarity of time series of a given voxel to those of its nearest voxels in a voxel-wise way based on the assumption that a voxel was temporally similar to those of its neighbors" (Yao et al., 2009) . Using this method, we can measure the temporal homogeneity of regional BOLD signals, which can reflect the temporal homogeneity of neural activity and thus local connectivity of synchronization. These measures have been used to reveal the neural correlates of basic higher-order cognitive abilities such as intelligence, working memory, and attention (Cole et al., 2012; Takeuchi et al., 2015a; Tian et al., 2012; Xu et al., 2014) . Given the extent brain connectivity and information integration as well as cognitive processes during rest have been shown and suggested to be important for creativity, we predict associations between CMDT and these neural mechanisms.
Sex differences in creative cognition have garnered attention in the field of cognitive science. The robust sex differences of divergent thinking scores are not consistently observed (Baer and Kaufman, 2008) ; however, a study has reported that a stronger positive association between creativity and psychopathology is observed in men than in women (Martín-Brufau and Corbalán, 2016) . A review has concluded that declarative memory-related regions were strongly activated in men during divergent thinking, whereas regions involved in the theory of mind and self-referential processing were more activated in women (Abraham et al., 2014) . Taken together, these studies have suggested the existence of sex differences in the neurocognitive mechanisms of divergent thinking. In addition, a previous study showed sex differences in the structural connectivity correlates of CMDT (Ryman et al., 2014) . Similarly, our recent large-scale study (Takeuchi et al., in press ; the subjects of this previous study and in the present study are the same, except for 59 subjects whose rsfMRI scans were unavailable) demonstrated a positive association between the CMDT and regional white matter volume (rWMV) across widespread white matter areas, including the temporal lobe, in females only.
Despite the attention CMDT has received in neuroimaging studies, no study has investigated DC/fALFF correlates of CMDT. A previous study has reported a negative association between CMDT and regional homogeneity in the precuneus . In addition, sex differences between DC, fALFF, regional homogeneity, RSFC, and correlates of CMDT have not been investigated. The purpose of this study was to investigate these issues.
As has been partly described, RSFC involving areas of the DMN and middle temporal gyrus were associated with verbal CMDT in a large sample (Takeuchi et al., 2012; Wei et al., 2013) . Furthermore, the key nodes of the DMN, such as the precuneus and mPFC, are thought to be important hubs. Thus, we hypothesized that the DC, and regional homogeneity of these areas are associated with CMDT. Given the aforementioned (a) sex differences in the psychological correlates of CMDT (Martín-Brufau and Corbalán, 2016) , (b) sex differences in brain areas that are recruited during CMDT (Abraham et al., 2014) , and (c) recent reports on the existence of female-specific associations of CMDT and brain structural connectivity (Ryman et al., 2014; in press), we expected to observe sex-specific (particularly female-specific) associations between connectivity measures and CMDT. Given the significant associations between CMDT and RSFC with the mPFC, a key node of the DMN (Takeuchi et al., 2012) , we focused on the mPFC as a seed region for our RSFC analyses. We additionally investigated the associations of CMDT and fALFF, a direct index of the spontaneous signal fluctuations underlying RSFC as well as their sex differences to reveal the nature of the associations between resting state brain connectivity measures and CMDT.
Methods

Subjects
The present study, which is a part of an ongoing project to investigate the association among brain imaging, cognitive function, and aging, included 1277 healthy, right-handed individuals (732 men and 545 women). The mean age of the subjects was 20.8 years [standard deviation (SD): 1.8; range: 18-27 years]. All subjects were college, university, postgraduate, or graduate students from the previous year. All had normal vision and no history of neurological or psychiatric illness. Handedness was evaluated using the Edinburgh Handedness Inventory (Oldfield, 1971) . Subject characteristics, recruitment, and exclusion criteria are provided in the Supplemental methods. Written informed consent was obtained from each subject for their participation in this project. All study procedures were approved by the Ethics Committee of Tohoku University.
Subjects were instructed to get sufficient sleep, maintain their conditions, eat sufficient breakfast, and to consume their normal amounts of caffeinated foods and drinks in the day of cognitive tests and MRI scans. In addition, subjects were instructed to avoid alcohol the night before the assessment.
The sex ratio in this study sample was unbalanced because the main participant pool was also unbalanced as females were less available.
Psychological measurements
The methods outlined here are reproduced from our previous studies (Takeuchi et al., 2011a, page 2; 2011b, page 682; Takeuchi et al., 2012 Takeuchi et al., , pages 2923 Takeuchi et al., -2924 Takeuchi et al., 2010a, pages 579-580; 2010b, pages 12-13; Takeuchi et al., 2015b pages 3-4) that used exactly the same measures in the same way.
The S-A creativity test (Society_For_Creative_Minds, 1969 ) was used to assess CMDT. J.P. Guilford generated the draft plan of this test. He also supervised the development of the test (Society_For_Creative_Minds, 1969) . The test was standardized for Japanese speakers (Society_For_Creative_Minds, 1969) .
The test is used to evaluate verbal CMDT (Society_For_Creative_Minds, 1969) , and it involves three types of tasks. The practice (and real) tasks are administered in the following order: (1) practice of the first task (2 min), (2) the first task (5 min), (3) practice of the second task (2 min), (4) the second task (5 min), (5) practice of the third task (2 min), and (6) the third task (5 min). Each task involves two questions. In total, the test takes 30 min. This test was administered in a group setting. The first task requires subjects to generate unique ways of using typical objects (e.g., "Other than reading, how can we use newspapers?" An example answer is "We can use them to wrap things."). The second task requires subjects to imagine desirable functions of ordinary objects (e.g., "What are the characteristics of a good TV? Write down as many characteristics as possible." An example answer is "A TV can receive broadcasts from all over the world."). The third task requires subjects to imagine the consequences of "unimaginable things" happening (e.g., "What would happen if all the mice in the world disappeared?" An example answer is "The world would become more hygienic."). Each task requires subjects to generate as many answers as possible. Notably, these tasks correspond to the three tasks (unusual use, product improvement, and just suppose) of the Torrance tests of creative thinking (TTCT; Torrance, 1966) , which are used in multiple countries. The S-A creativity test provides a total score, which was used in this study, as well as scores for the following dimensions of the creative process: (a) Fluency: Fluency is measured by the number of relevant responses to questions and is related to the ability to produce and consider several alternatives. Fluency scores are determined by the total number of questions answered after excluding inappropriate responses or responses that are difficult to understand. (b) Flexibility: Flexibility is the ability to produce responses from a wide perspective. Flexibility scores are determined by the sum of the (total) number of category types to which the responses are assigned based on a criteria table or an almost equivalent judgment (when the answer is not in the criteria table, the raters score their answers based on the subjective criteria that is similar to criteria of the criteria table). (c) Originality: Originality is the ability to produce ideas that differ from those of others. Originality scoring is based on the sum of idea categories that are weighted based on a criteria table or an almost equivalent judgment. (d) Elaboration: Elaboration is the ability to produce detailed ideas (Society for Creative Mind, 1969) . Elaboration scores are determined by the sum of responses that are weighted based on a criteria table or an almost equivalent judgment. These four dimensions correspond to the same concepts as those of the Torrance tests of creative thinking (TTCT; Torrance, 1966) .
The total score is the sum of the originality score and that of elaboration in the version of the S-A creativity test (Society_For_Creative_Minds, 1969) used here (i.e., the total score is officially stipulated as the sum of the originality and elaboration scores). This is because the Fluency and Flexibility scores are strongly correlated with those of Elaboration (Society_For_Creative_Minds, 1969) . Scoring of the tests was performed by the Tokyo Shinri Corporation.
The analysis was limited to the total score, and it did not include the score for each dimension. This is because in this test the score of each dimension is highly correlated with the total score and with those of other dimensions (Takeuchi et al., 2010b) . This phenomenon is consistent with another similar divergent thinking test (Heausler and Thompson, 1988) , namely TTCT (Torrance, 1966) . Heausler and Thompson (1988) concluded that the correlations among the subscales in TTCT are so high that each subscale could not meaningfully provide dissociated information. Treffinger (1985) also warned that separate interpretations of TTCT subscores should be avoided. Consistent with this notion, a previous study (Chávez-Eakle et al., 2007) that investigated the association between regional cerebral flow (rCBF) and each dimension revealed that different dimensions were correlated with rCBF in similar regions. The description outlined in this paragraph was reproduced from our previous study (Takeuchi et al., 2015b) . Here the following average four subscores were obtained: fluency, 34.9; flexibility, 25:3; elaboration, 30.0; and originality, 8.3 . The simple correlation coefficients among the subscores included 0.87 for fluency and flexibility, 0.88 for fluency and elaboration, 0.605 for fluency and originality, 0.79 for flexibility and elaboration, 0.72 for flexibility and originality, and 0.57 for elaboration and originality. While the correlations among the subscales were generally very high, originality was distinct and correlations between originality and other subscales are slightly lower than other correlations. And other subscale scores are about 3 times higher than originality scores. Thus, the total score (elaboration+originality) is similar to the sum of all the normalized subscores.
However, as aforementioned, although it was recommended that the use of the subscores be avoided, these subscores have been widely used in the field. Therefore, we provided the results of analyses using these subscores instead of total scores in Supplemental methods, Supplemental results, and Supplemental Fig. 1-7 . In brief, significant results or tendency of results of imaging analyses of these subscores, included the areas that are similar to the areas of the significant results of imaging analyses of total scores which were provided in Results section of the main text (below).
Please refer to the appendix of our previous study (Takeuchi et al., 2010a) for a sample and the manner in which the tests were scored.
For the information of the external validity of this scale, we quote our previous study (Takeuchi et al., 2010a, page 579) . S-A creativity test scores are significantly correlated with various other external measures, such as various personality factors and problem-solving abilities in daily life, suggesting its ability to predict performance in everyday situations (Shimonaka and Nakazato, 2007) . Furthermore, S-A creativity test scores are significantly correlated with the frequency of visual hypnagogic experiences, which in turn are correlated with the vividness of mental imagery and neuroticism (Watanabe, 1998) .
In addition, Raven's Advanced Progressive Matrix was used to assess intelligence and adjust for the effect of general intelligence on resting-state fMRI measures (Song et al., 2008) . For additional test details, please see the Supplemental methods.
Image acquisition
The descriptions in this subsection were mostly reproduced from our previous study using the exactly the same methods (Takeuchi et al., 2015a) . All MRI data acquisition was conducted with a 3-T Philips Achieva scanner. As in our previous study (Takeuchi et al., 2012) , 34 transaxial gradient-echo images (64×64 matrix, TR=2000 ms, TE=30 ms, flip angle=70°, FOV=24 cm, slice thickness=3.75 mm) covering the entire brain were acquired using an echo planar sequence for resting-state fMRI analyses. For this scan, 160 functional volumes were obtained while subjects were resting (resulting in a scan length of 5 min 20 s). During the resting-state scanning, the subjects were instructed to keep still with their eyes closed, as motionless as possible, and not to sleep and not to think about anything in particular, as has been done similarly (Damoiseaux et al., 2006; Greicius et al., 2003) .
To avoid motions, pads and magic tapes were used and subjects were given thorough instructions to prevent motion during the scan and explanations as to why motions are not preferable as well as the instruction that excessive motion would lead to the re-scan. We excluded one subject from the current analyses because of excessive motion [ < 3.75 mm (voxel size of one voxel)] during the scan from the entire sample population whose data related to this study was collected. The subjects were young adults and the scan did not last long.
Before the rsfMRI scan, BOLD images were obtained during the Nback working memory task. For all subjects, task-related fMRI scans were not run immediately before the rsfMRI scans, but rather rsfMRI scans were always taken just after the structural scan. Diffusionweighted data were acquired using a spin-echo EPI sequence. From the collected images, fractional anisotropy (FA) and mean diffusivity (MD) maps of diffusion tensor images were constructed (Takeuchi et al., 2011d) . These images were used in the normalization procedures as described below.
Pre-processing of functional imaging data
The preprocessing of imaging data was performed using SPM8 implemented in MATLAB and SPM8's extension software Data Processing Assistant for Resting-state fMRI (DPARSF) [part of the toolbox for Data Processing and Analysis of Brain Imaging (DPABI) (http://rfmri.org/dpabi) (Yan et al., 2016) ].
Briefly, rsfMRI BOLD images were non-linearly registered to the BOLD image of the N-back working memory task, and were then coregistered to the b=0 image of the diffusion-weighted images (together with rsfMRI BOLD images). b=0 images were aligned with the FA image and MD map. Subsequently, all images were normalized using a previously validated two-step new segmentation algorithm of diffusion images and the previously validated diffeomorphic anatomical registration through the exponentiated lie algebra-based registration process (Takeuchi et al., 2013) with DTI images. The voxel size of normalized rsfMRI BOLD images was 3.75×3.75×3.75 mm 3 . From these images, whole-brain, white matter, and cerebrospinal fluid (CSF) masks were created. See the Supplemental methods for the details and rationale behind these procedures.
The following descriptions of fALFF analyses and DC analyses were mostly reproduced from our previous study using identical methods (Takeuchi et al., 2015a) . The normalized series of BOLD images were processed by DPARSF for individual level analysis. First, 26 nuisance covariates (including the mean timecourse of signals from the voxels within the white matter mask, the mean timecourse of signals from the voxels within the CSF mask, and Friston 24 motion parameters. The Friston 24-parameter model (i.e., six head motion parameters, six head motion parameters one time point before, and the 12 corresponding squared items) (Friston et al., 1996) was used to regress out head motion effects. Recent work indicates that regressing out Friston 24-parameters is more effective than other movement correction methods, such as correction for rigid-body using six parameters, derivative 12 parameters, voxel-specific 12 regressors (Chao-Gan et al., 2013) . To further rule out the residual effect of motion on rsfMRI measures, volume-level mean framewise displacement was computed and used at the second-level analyses as covariates (Power et al., 2012) .
There is a fierce recent controversy regarding whether the mean timecourse of whole brain should be regressed out in the rsfMRI analysis (Takeuchi et al., 2012) . Regressing out the mean timecourse of whole brain may have merits (Chao-Gan et al., 2013) as well as weaknesses (Murphy et al., 2009) . Considering this controversy, for fALFF, regional homogeneity and RSFC, we performed both analyses of images in which mean timecourse of whole brain is regressed out and analyses of images in which mean timecourse of whole brain is not regressed out. For DC, we did not regress out the mean timecourse of whole brain because it partly reflects global brain activity (Schölvinck et al., 2010) , and conceptually, regressing out mean timecourse of whole brain is particularly problematic for calculating DC, which is the correlation between one voxel and the rest of the whole brain. The remaining procedures for group level multiple regression analyses were performed as described below.
The processed images were spatially smoothed with 7.5-mm FWHM, and the resultant images were masked with the whole brain mask that was created as described above. The smoothing value was 7.5 mm, because this value is twice the voxel size of the original image.
Individual-level functional imaging data analysis for DC/fALFF/ regional homogeneity
The descriptions of fALFF analyses and DC analyses were mostly reproduced from our previous study using identical methods (Takeuchi et al., 2015a) . The fALFF analyses were performed using the DPARSF software as previously described similarly (Han et al., 2011; Wang et al., 2011) . The time series of each voxel was transformed into the frequency domain, and the power spectrum was obtained. Because the power of a given frequency is proportional to the square of the amplitude of that frequency component, the square root was calculated at each frequency of the power spectrum, and the average square root was then obtained across 0.01-0.08 Hz at each voxel. This average square root was taken as ALFF. For fALFF, as described previously (Chao-Gan and Yu-Feng, 2010; Wang et al., 2012) , a ratio of the power of each frequency at a low frequency range to that of the entire frequency range (fALFF) was computed. Specifically, after preprocessing, the time series for each voxel was transformed into the frequency domain without band-pass filtering. The square root was calculated at each frequency of the power spectrum. The sum of the amplitudes across 0.01-0.08 Hz was divided by that of the entire frequency range.
After preprocessing, the fMRI data were temporally band-pass filtered (0.01 < f < 0.08 Hz) to reduce low frequency drift and high frequency. Furthermore, weighted DC measures were calculated using DPARSF, as previously described similarly (Wang et al., 2014) . In brief, Pearson correlation coefficients were first computed between the time series of all pairs of gray matter voxels, leading to a whole-brain functional connectivity matrix for each individual. We calculated this in the areas of gray matter signal is > .2 in the aforementioned gray matter template, consistent with previous studies (Wang et al., 2014) . Individual correlation matrices were transformed into a Z-score matrix using Fisher's r-to-z transformation to improve normality. We further computed weighted DC strength of a voxel as the sum of the connections (Z-values) between a given voxel and all other voxels. As has been performed elsewhere (Buckner et al., 2009) , we conservatively restricted our analysis to positive correlations above a threshold of r=0.25. Finally, standardized weighted DC maps were acquired by subtracting the mean value within the abovementioned gray matter mask, and then dividing by the standard deviation of whole gray matter mask (Yan et al., 2013) . Voxels with higher DC values reflect the sum of the connections for a given voxel and all other voxels, and are thus indicative of their central roles in transferring information across brain regions. Z-standardization was performed only for DC measures. A previous study suggested the importance of application of z-standardization to rsfMRI measures to mitigate the association between motion and rsfMRI measures. However, such effects of z-standardization were not statistically clear in the case of fALFF when other methods to mitigate the effects of motion were also performed (see Supplimental Fig. S7 of Chao-Gan et al., 2013) .
For the RSFC analysis, correlation maps were produced by extracting the BOLD time course from the seed regions and computing the correlation coefficient between this time course and the time course from all other brain voxels. In this study, we examined correlations of activity of the mPFC, which is a key node of the DMN, and the seed that generated significant results in our previous study (Takeuchi et al., 2012) . The seed region of the mPFC was a sphere with a 6-mm radius centered on the focus. The peak voxel of the mPFC (x, y, z=−1, 47, −4) was defined as previously described (Fox et al., 2005; Takeuchi et al., 2012) . Correlation values were Fisher z-transformed to improve normality. Finally, RSFC maps were acquired by subtracting the mean value within the whole-brain mask and dividing by the standard deviation of the whole-brain mask (Yan et al., 2013) .
Subsequently, we calculated regional homogeneity images according to previously described procedures (Yao et al., 2009 ). Initially, spatially normalized (but not smoothed) rsfMRI images were bandpass filtered (0.01 < f < 0.08 Hz) and masked using the whole brain mask. A regional homogeneity value was then calculated to measure similarity of the time series of a given voxel with its nearest 26 voxels. After normalization, the resulting images were spatially smoothed using 7.5-mm FWHM. Normalization of regional homogeneity maps was performed by dividing the regional homogeneity among each voxel by the average regional homogeneity of the whole brain. This regional homogeneity value is known as Kendall's coefficient concordance (KCC) (Kendall and Gibbons, 1990) , and is used to measure the similarity of a time series of a given voxel with that of its nearest voxels in a voxel-wise way, based on the assumption that voxels are temporally similar to their neighbors (Tononi et al., 1998) . Using this method, we measured temporal homogeneity of regional BOLD signals, which reflected the temporal homogeneity of neural activity. The formula to calculate KCC has been expounded in previous studies (Zang et al., 2004) .
Second-level statistical analysis
Second-level statistical analyses were performed using SPM8 software. Areas included in these analyses were limited to those of the abovementioned gray matter mask. In whole brain analyses, we used voxel-wise analysis of covariance (ANCOVA), with sex difference as a grouping factor (using the full factorial option of SPM8). In this analysis, age, RAPM score, volume-level mean framewise displacement, as calculated according to a previous study (Power et al., 2012) , and S-A creativity test scores were covariates. These covariates were modeled so that each had a unique relationship with rsfMRI measures for each sex except in the case of volume-level mean framewise displacement (using the interactions option in SPM8), which enabled investigation of the effects of interaction between sex and each covariate. In these analyses, the centering option was used for centering the interactions. The main effects of the S-A creativity test score (contrasts of [the effects of the S-A creativity test score for males, that for females] were [1 1] or [−1 −1]) and the interaction between sex and the S-A creativity test score (contrasts of [the effect of the S-A creativity test for males, the effect of the S-A creativity test for females] were [−1 1] or [1 −1]) were assessed using t-contrasts.
A multiple comparison correction of the cross-sectional analyses was performed using threshold-free cluster enhancement (TFCE) (Smith and Nichols, 2009) , with randomized (5000 permutations) nonparametric permutation testing via the TFCE toolbox (http://dbm. neuro.uni-jena.de/tfce/). We applied a threshold of P < 0.05 and corrected for multiple comparisons (FWE) based on the results of a permutation test using the TFCE value. Permutation-based correction for multiple comparisons is known to accurately control the false positive rate in real brain data (Silver et al., 2012) .
For the RSFC analysis of the mPFC, if significant results were not obtained at the whole-brain level, region of interest (ROI) analysis was performed. This procedure was used to confirm the previously observed associations between the CMDT and RSFC and between the mPFC and posterior DMN. The correction for multiple comparisons was within an anatomical area that corresponded well to the posterior DMN. The ROI was constructed by adding the bilateral posterior and middle cingulate gyrus and the bilateral precuneus using the WFU PickAtlas Tool's aal option (http://www.fmri.wfubmc.edu/cms/ software#PickAtlas).
Results
Basic data
Mean volume-wise framewise displacement calculated by the method of Power et al. (2012) Table 2 . The RAPM scores were slightly higher in males than in females (28.76 vs. 28.03); however, it is unlikely that these differences affected the significant findings from the rsfMRI analyses. The removal of subjects with the highest RAPM scores (≥35) from the male sample (40 out of 732 subjects) and the lowest RAPM scores (≥20) from the female sample (19 out of 545 subjects) equalized the RAPM scores (28.38 vs. 28.36) but did not alter significance of all significant rsfMRI findings identified in this study.
Effects of the CMDT on fALFF
When the global signal was regressed out in individual analyses, ANCOVA revealed no significant overall negative or positive main effects (regardless of sex) of the S-A creativity test score on fALFF and no significant interaction effects between sex and S-A creativity test score on fALFF in any of the regions.
When the global signal was not regressed out in individual analyses, ANCOVA revealed no significant overall negative or positive main effects (regardless of sex) of the S-A creativity test score on fALFF. However, there was a significant effect of interaction between sex and S-A creativity test score (moderated by a negative correlation in males and a positive correlation in females) on fALFF in the areas of the middle cingulate cortex and precuneus, left middle temporal gyrus, cerebellum, and right middle frontal gyrus ( Fig. 1; for statistical values, see Table 3 ). The simple correlation coefficient between mean fALFF in each cluster and the S-A Creativity test score is presented in Table 3 . The interactions are mostly formed by both the tendency of negative correlation in males and that of positive correlations in females. However, in case of one cluster in the cerebellum, the positive correlations in females are low. On the other hand, in the case of two clusters in the precuneus and the middle cingulate gyrus, the negative correlations in males are low. Post-hoc multiple regression analyses of data from females only did not show any significant correlations between S-A creativity test score and fALFF. However, post-hoc multiple regression analyses of data from males only showed significant negative correlations between S-A creativity test score and fALFF in the cerebellum and the contingent areas (Supplemental Fig. 8 ).
Effects of the CMDT on DC
ANCOVA revealed no significant overall negative or positive main effects (regardless of sex) of the S-A creativity test score on DC, and no significant interaction effects between sex and S-A creativity test score on DC in any of the regions.
Effects of the CMDT on regional homogeneity
When the global signal was regressed out in individual analyses, ANCOVA revealed no significant overall negative or positive main effects (regardless of sex) of the S-A creativity test score on regional homogeneity. However, there were significant interaction effects between sex and S-A creativity test score on regional homogeneity in the anatomical area that included the anterior part of the middle temporal gyrus and left temporal pole (x, y, z=−56.25, −3.75, −22.50, t=4.98, TFCE value=299.31, P=0.004, corrected for multiple comparisons using TFCE, 3111 mm 3 , Fig. 2a) . The simple correlation coefficient between mean regional homogeneity in this cluster and the S-A Creativity test score was r=−0.127 for males (p=0.00059, t=−3.452) and r=0.188 for females (p=0.0000097, t=4.465). Post-hoc multiple regression analyses of data from males only and from females only did not show any significant correlations between S-A creativity test score and regional homogeneity.
When the global signal was not regressed out in individual analyses, ANCOVA revealed no significant overall negative or positive main effects (regardless of sex) of the S-A creativity test score on regional homogeneity. However, there were significant interaction effects between sex and the S-A creativity test score on regional homogeneity in the anatomical area that included the anterior part of the middle temporal gyrus and left temporal pole (x, y, z=−56.25, −3.75, −18.75, t=4.95, TFCE value=330.59, P=0.004, corrected for multiple comparisons using TFCE, 4482 mm 3 , Fig. 2b ). The simple correlation coefficient between mean regional homogeneity in this cluster and the S-A Creativity test score was r=−0.127 for males (p=0.00056, t=−3.468) and r=0.188 for females (p=0.00002, t=4.3084). Post-hoc whole-brain multiple regression analyses using data from females only (corrected for age, RAPM score, and volume-level mean frame-wise displacement) revealed a near-significant positive correlation between regional homogeneity and S-A creativity test score (P=0.070, corrected for multiple comparisons using TFCE) in the left anterior temporal pole. In contrast, no such tendency was found in analysis of data from males.
Both of these significant interaction effects appear to be moderated by the negative correlation in males and positive correlation in females (Fig. 2ab) .
Although, females showed slightly higher scores on the S-A creativity test, this was not the cause of the aforementioned interactions, as seen in the scatter plots of figures.
Effects of CMDT on the RSFC with the mPFC
When the global signal was regressed out in individual analyses, ANCOVAs revealed no significant overall main effects (regardless of sex) of the S-A creativity test score on RSFC with the mPFC or significant interactions between the S-A creativity test score and sex.
When the global signal was not regressed out in individual analyses, ANCOVAs revealed no significant overall main effects (regardless of sex) of the S-A creativity test score on RSFC with the mPFC at the whole-brain level. However, the ROI analysis within the posterior DMN (precuneus and middle and posterior cingulate cortices) revealed a significant overall positive main effect (regardless of sex) of the S-A creativity test score on the RSFC between the mPFC (the seed area) and the area around the precuneus and middle cingulate cortex (x, y, z=11.25, −33.75, 37.50, t=3.87, TFCE value=117.62, P=0.022, corrected for multiple comparisons using TFCE within the ROI, significant areas=1160 mm 3 , Fig. 3ab ). This finding is in accordance with our previous finding that showed the positive association between the CMDT and RSFC between the mPFC and posterior DMN; thus, this result is not discussed again in this study as this was topic of our previous study and the discussion was extensively done in our previous study and this analysis was done to confirm our previous findings (Takeuchi et al., 2012) . Notably, the analysis in our previous study was performed with 160 subjects also included in our present study. In addition, ANCOVA revealed significant interaction effects between sex and the S-A creativity test score on the RSFC between the mPFC (the seed area) and left inferior frontal gyrus (x, y, 22.50, 3.75, t=4.03, TFCE value=240.56, P=0.048 , corrected for multiple comparisons using TFCE, 158 mm 3 , Fig. 4ab ). The simple correlation coefficient between the mean RSFC with the mPFC in this cluster and the S-A Creativity test score was r=−0.081 for males (p=0.0281, t=−2.200) and r=0.147 for females (p=0.00057, t=3.464). Post-hoc whole-brain multiple regression analyses using data from females only (corrected for age, RAPM score, and volume-level mean frame-wise displacement) revealed a near-significant positive correlation between the RSFC with the mPFC and S-A creativity test score (x, y, z=−37.5, 7.5, 0, TFCE value=232.27, P= 0.055, corrected for multiple comparisons using TFCE) in the contingent area. The same analysis using data from males revealed a near-significant positive correlation between the RSFC with the mPFC and S-A creativity test score (x, y, 26.25, TFCE value=232.28, P=0.067 , corrected for multiple comparisons using TFCE) in the contingent area. The significant interaction effect appears to be mediated by a negative correlation in males and positive correlation in females (Fig. 4a ). There were no significant interaction effects between sex and the S-A creativity test score on RSFC with the mPFC (the seed area) when ROI analysis was performed within the posterior DMN (precuneus and middle and posterior cingulate cortices), regardless if the global signal was regressed out in individual analyses.
Discussion
We investigated the association between fALFF/DC/regional homogeneity/RSFC with the mPFC and verbal CMDT as well as the presence of any sex differences. Our hypotheses were largely not supported as DC were not significantly associated with verbal CMDT. Partially consistent with our hypothesis, however, the whole brain analysis revealed a significant interaction between verbal CMDT and sex on regional homogeneity within an area from the left middle temporal gyrus to the left temporal pole (left anterior temporal lobe). This interaction was moderated by the relatively stronger positive correlations in females compared to the weak negative correlations in males, suggesting the importance of local connectivity of synchronization for CMDT specifically in females. These results are compelling in terms of the statistical significance. In addition, there was a significant interaction between verbal CMDT and sex on the RSFC between the mPFC and left inferior frontal gyrus, an effect that was mediated by a positive correlation in females and negative correlation in males. Similarly, there were significant interactions between verbal CMDT and sex on fALFF (when the global signal was not regressed in individual analyses) in several distinct areas, including the precuneus and middle cingulate gyrus, left middle temporal gyrus, right middle frontal gyrus, and cerebellum. These interactions were mostly moderated by both the tendency of positive correlations in females and negative correlation in males as seen in Table 3 . Females had a slightly higher CMDT score. However, this difference does not explain the observed sex differences. This is because in this study we investigated sex differences in the correlations between the CMDT score and imaging measures. And in such investigation, a higher score in one group did not lead to group differences in correlations unless there is a non-linear association between the CMDT score and imaging measures in the whole population (including men and women). Further, mostly, the scores of males The results shown were obtained using a threshold of threshold-free cluster enhancement (TFCE) of P < 0.05 based on 5,000 permutations. The results were corrected within the regions of interest (precuneus and middle and posterior cingulate cortices). Regions with significant correlations are overlaid on a "single subject" T1 image of SPM8. The color represents the strength of the TFCE value. Regions with significant effects were observed in the area around the middle cingulate cortex and precuneus. (b) A scatter plot with trend lines depicting the correlations between S-A creativity test scores and mean RSFC with the mPFC for significant clusters in males (blue) and females (red). Negative correlations in males and positive correlations in females were observed. Fig. 4 . Significant interaction effects between sex and creativity measured by divergent thinking (CMDT) on resting-state functional connectivity (RSFC) with the medial prefrontal cortex (mPFC) when the global signal was not regressed out in individual analyses. (a) The results shown were obtained using a threshold of threshold-free cluster enhancement (TFCE) of P < 0.05 based on 5,000 permutations. The results were corrected at the whole-brain level. Regions with significant correlations are overlaid on a "single subject" T1 image of SPM8. The color represents the strength of the TFCE value. Regions of significant effects were observed in the left inferior frontal gyrus. (b) A scatter plot with trend lines depicting the correlations between S-A creativity test scores and mean RSFC with the mPFC for significant clusters in males (blue) and females (red). Negative correlations in males and positive correlations in females were observed. and females mostly overlapped as seen in Fig. 2 ; thus, even the existence of non-linear associations was unlikely to cause the observed sex differences in correlation patterns.
Generally, it is difficult to construe the findings of regional homogeneity. One of the most consistent findings regarding the associations between regional homogeneity and cognitive integrity is that regional homogeneity in the precuneus is reduced with the progression of Alzheimer's disease . Thus, regional homogeneity in the precuneus may reflect the integrity of overall cognitive function . For other higher order cognitive function, although many previous findings are conflicting, the majority tend to suggest the better higher order cognitive functions are related to greater regional homogeneity of the areas that play critical roles in the relevant higher order cognitive functions (Jiang and Zuo, 2015) . Thus, coordinated work (which may underlie stronger regional homogeneity) of the areas that play a crucial role in the cognition may contribute to the better functions. However, the cellular mechanisms underlying individual differences in resting-state regional homogeneity are still largely unknown (Jiang and Zuo, 2015) and future studies are required to investigate this issue.
Higher regional homogeneity in the anterior temporal lobe may facilitate the effective development of ideas, particularly creative ideas through combination of disparate information. The anterior temporal lobe is thought to serve as a semantic hub linking conceptual information distributed throughout the brain and to represent such combinatorial concepts (for review, see Simmons and Martin, 2009) . It is also suggested to contribute to the computation of combinatorial meaning (Hickok and Poeppel, 2007) and to be important for judging the conceptual similarity of different information (Rogers et al., 2006) . On the other hand, according to James (1890) , creativity requires ''transitions from one idea to another…unheard of combination of elements, the subtlest associations of analogy…where partnerships can be joined or loosened…''. Heilman et al. (2003) also stated a possible method of resolving a previously unsolved problem is to see the problem "in a new light". A means of viewing the problem in a new light is to use a different form of knowledge. Considering these, one intriguing speculation is that stronger functional connectivity among areas (regional homogeneity) that play a key role in representing concepts and combining different concepts may facilitate the generation of ideas, particularly creative ones, by allowing novel combinations of disparate information.
We suggest that the present results are congruent with this idea that the combination of disparate ideas is important for creativity in females specifically. The combination of ideas has traditionally been thought important for creativity, so by extension, brain connectivity is important for creativity. However, our recent study using a large sample showed the CMDT was positively associated with regional white matter volume only in females (Takeuchi et al., in press ). Based on our previous and present studies, which both used a large sample, we suggest that certain types of idea combination may be important for creativity specifically in females, at least in the case of CMDT. To completely substantiate this idea, psychological experiments are necessary in which the associations between CMDT performance and different tasks requiring the combination of disparate information (such as the remote associate task) are investigated separately in males and in females.
Interpretation of the negative correlation between regional homogeneity in the left anterior temporal lobe and CMDT in males requires caution because (a) the strength of these associations in males were substantially weaker than the positive associations in females and (b) when the whole brain signal was not regressed out in individual analyses, whole brain analyses of data from males showed no tendencies for negative correlations between CMDT and regional homogeneity in the left anterior temporal lobe, while there was a near significant tendency for a positive correlation when the data from females alone was analyzed. As discussed by Vul et al. (2009) , significant findings in whole brain analyses suffer from overfitting to the contrast. Here this means that even when there are only positive associations in females leading to significant interaction effects between sex and regional homogeneity, the significant voxels of this interaction effect tend to show a negative correlation in males as well even in the absence of true effects. Regardless, the negative correlation between CMDT and regional homogeneity in males was far from significant in terms of the whole-brain correction for multiple comparisons, and the associations were relatively weak (lower r values). Future studies are needed to ascertain these negative associations in males. However, a nearsignificant negative association of CMDT and the RSFC between the mPFC and IFG was observed in males. Thus, the negative connectivity patterns may be more robust. These negative correlations may be reflective of the fact that creativity was more strongly associated with psychopathology in males (Martín-Brufau and Corbalán, 2016) , which is associated with reduced functional connectivity (Broyd et al., 2009) .
On the other hand, in females, there was a stronger positive association of verbal CMDT with the RSFC between the mPFC and IFG, which have important roles in default state cognitive activity (Buckner et al., 2008) and internal speech, respectively (Aziz-Zadeh et al., 2005) . In addition, IFG lesions led to a deficit in speech production, which in turn lead to reduction in creativity (Flaherty, 2005) . Furthermore, it has been suggested that default-state cognitive activity is important for creativity (Takeuchi et al., 2012) . Thus, the efficient functional connection between the mPFC and left IFG may be important for generating verbal production in the default cognitive state and lead to a greater CMDT. Another interpretation of a greater RSFC between the mPFC and left IFG is the increased interaction between areas that belong to different networks. It has been reported that the RSFC of areas belonging to different functional networks increases during divergent thinking . The mPFC belongs to the DMN and the left IFG belongs to a network activated during an externally directed attention demanding task (Fox et al., 2005) ; thus, the increased RSFC between these regions can be interpreted as an increased RSFC between areas of different networks. The increased interaction between areas that process different types of information, may lead to increased creativity, as combination of different types of information lead to creativity (Heilman et al., 2003) . This type of information processing may lead to increased CMDT in females with greater RSFC between the mPFC and left IFG. However, these are speculations based on reverse inferences and need to be confirmed in future studies using other experimental methods. On the other hand, a previous study has shown that mPFC lesions and lesions affecting both the mPFC and (left or right) IFG led to a significant reduction in CMDT, whereas lesions of the (left or right) IFG alone did not significantly reduce CMDT (Shamay-Tsoory et al., 2011) . Furthermore, transcranial direct current stimulation (tCDS) studies have shown that inhibitory stimulation of the left IFG facilitated the generation of creative responses (Chrysikou et al., 2013) as well as CMDT (Mayseless and Shamay-Tsoory, 2015) . A study on artistic development in patients with frontotemporal dementia suggested that language is not required for, and may even inhibit, certain types of visual creativity (Mell et al., 2003) . Therefore, the association between CMDT and the RSFC between the mPFC and left IFG may be more complex than the abovementioned interpretation. The femalespecific positive correlation between rWMV and CMDT observed in our other study (Takeuchi et al., in press) and the positive correlation between regional homogeneity and CMDT in the left temporal pole observed in this study generally support the idea that greater brain connectivity is important in females. However, these findings appear to contradict the results of the work done by Ryman et al. (2014) . These authors utilized DTI and performed analyses of new metrics of connectivity organization, including connectivity strength, clustering, and communication efficiency, using data from 83 subjects. Their results suggest the existence of female-specific negative associations between these measures and CMDT. Little is known about these measures, and the association between these measures and other connectivity measures, such as rsfMRI and rWMV, as well as their implications should be investigated in future studies.
A previous study has shown the association between a positive correlation of CMDT and the RSFC between the mPFC and left IFG in a relatively small sample (including males and females) (Beaty et al., 2014) . In comparison with this previous study, our study is congruent with the findings in females but not in males. This discrepancy may be due to the use of different methods (e.g., sample and CMDT measures) or sample sizes. Regardless, future studies are needed to address these issues.
As for the results of fALFF, the significant interactions between verbal CMDT and sex on fALFF that were moderated by the contrasts of negative associations in males and positive associations in females were found in several areas. fALFF, is suggested to indicate magnitudes of spontaneous neural activity during rest (Yan and Zang, 2010; Yang et al., 2015; Zang et al., 2007) . Consistently, repetition rates of visual stimuli induce changes in fALFF just like it does to BOLD signals to the visual cortex . Furthermore, regional metabolic rates of the brain are strongly positively associated with fALFF (Tomasi et al., 2013) . Thus, the observed interaction suggests that females tend to show positive associations between magnitudes of spontaneous neural activity during rest and CMDT, whereas males show the opposite pattern. These patterns of negative correlation in males and positive correlation in females were seen in the case of other rsfMRI measures as well as white matter volume measures (Takeuchi et al., in press ). Although CMDT shows positive correlations with other cognitive functions such as processing speed in males and females (Hong et al., 2015; Preckel et al., 2011) , a psychological study reported that the association between creativity and psychopathology differs between the sexes, and a stronger positive association is seen among males (Martín-Brufau and Corbalán, 2016) . In addition, psychopathology often negatively correlates with fALFF (Sato et al., 2016) , RSFC measures (Broyd et al., 2009) , and brain volume measures (Hong et al., 2015) . Perhaps, owing to these positive associations between psychopathology and CMDT in males, male associations between CMDT and brain indices may become more complex.
The areas of significant interaction on fALFF include precuneus/ middle cingulate gyrus, left middle temporal gyrus, right middle frontal gyrus, and cerebellum. As for the precuneus, the correlations were positive in females and males showed little correlations in this area. We previously reported that higher CMDT is associated with reduced taskinduced deactivation in the precuneus (Takeuchi et al., 2011c) , lower regional cerebral blood flow in the precuneus (Takeuchi et al., 2011a) , and higher resting-state functional connectivity between the precuneus and mPFC (Takeuchi et al., 2012) . As previously described, the precuneus is an important node in the DMN where the information from the subsystems of the DMN is thought to converge (Buckner et al., 2008) . The precuneus is supposed to play an important role in cognitive processes that are ongoing during rest and when engaged in cognitive activities such as self-related mental representations and episodic memory retrieval (Cavanna and Trimble, 2006) . Perhaps these cognitive processes during rest contribute to CMDT in females. One of the areas of significant effects between sex and verbal CMDT included areas in the areas of the left middle temporal lobe. The areas in the left middle temporal lobe are associated with language. A previous study showed that verbal CMDT is associated with greater RSFC between the mPFC and left middle temporal gyrus (Wei et al., 2013) . The anterior parts' functions were as described above, but the posterior middle temporal lobe is involved in functions such as semantic decisions (Whitney et al., 2011) . The cerebellum has numerous functions; thus, it is difficult to estimate the functions that are relevant in this context; however, one of the major functions of this area is the phonological loop function (Baddeley, 2003) . The phonological loop is assumed to possess verbal and acoustic information using a temporary store and an articulatory rehearsal system (Baddeley, 2003) . Thus, one possibility is that the associations between the fALFF and verbal CMDT in these may be that in females these language-related functions are important for the effective production of ideas in verbal divergent thinking; in contrast, in males, the opposite occurs. In addition, the areas of significant interaction on fALFF included the areas where the effects of significant interaction on regional homogeneity were observed. Therefore, the observed findings of fALFF and those of homogeneity may be related to each other and may contribute to each other [greater activity may lead to greater local connectivity measure and greater local connectivity may lead to greater activity]. Finally, the right middle frontal gyrus is involved in generating unusual or distant verbal associations, both of which apparently characterize creative thinking (Kiefer et al., 1998; Seger et al., 2000) . Finally, the functional activation study showed that greater CMDT is associated with greater activity in the areas of the bilateral middle frontal lobes during divergent thinking (Chávez-Eakle et al., 2007) . In addition, musicians and schizotypes, which are both characterized by greater CMDT, show greater activity in the right prefrontal cortex and the bilateral middle frontal lobe, respectively (Folley and Park, 2005; Gibson et al., 2009) . Therefore, the observed interaction in this area may suggest that the default activity of this area as well as the corresponding functions of this area (generating unusual or distant verbal associations) differently contribute to CMDT in males and females. However, the discussions in this paragraph depend on speculations based on the reverse inference and cannot be concluded from the present study. In addition, the significance levels of these results of fALFF were 0.032 < P < 0.05, and they were not supported by our hypothesis or previous studies' relevant findings unlike the cases of significant results of other analyses. Thus, given the number of analyses and contrasts, the results of fALFF may be obtained with caution.
This study had a few limitations that are common to many previous studies of creativity. First, as discussed in our previous studies (Takeuchi et al., 2011b) , our sample consists of young, highly educated, healthy subjects, a common sample type because many studies use college cohorts (Jung et al., 2010; Song et al., 2008; Takeuchi et al., 2011b) . However, this is also a strength because among subjects of below-normal intelligence, general intelligence is suggested to be positively correlated with creativity (Sternberg, 2005) . Thus, focusing on a sample population with a relatively high level of education is important to disentangle the complex association between intelligence and CMDT. Further, we did not gather information on the menstrual cycles of females. It has been previously reported that the menstrual cycle was associated with alterations in the RSFC between the mPFC and angular gyrus; dorsolateral prefrontal cortex and sensorimotor cortex; dorsolateral prefrontal cortex and hippocampus; and dorsolateral prefrontal cortex and anterior cingulate gyrus (Hjelmervik et al., 2014; Petersen et al., 2014) . These RSFCs are irrelevant to the significant findings in our study. However, changes in the menstrual cycle led to changes in CMDT (Krug et al., 1994) ; thus, unknown associations between rsfMRI measures and menstrual cycles can theoretically lead to the formation of associations between rsfMRI measures and CMDT in females. Future studies should investigate if the present findings can be explained by menstrual cycle differences.
In conclusion, there were significant interaction effects of CMDT and sex on (a) regional homogeneity in the anterior left temporal lobe, (b) the RSFC between the mPFC (the seed area) and left IFG and (c) fALFF in the areas of the right middle frontal lobe, precuneus, left middle temporal gyrus, and cerebellum. The interaction appears to be moderated, at least in part, by a positive correlation between CMDT and these measures in females. These findings suggest that greater CMDT in females is reflected by (a) regional coherence of brain areas representing and combining concepts (b) the efficient functional connection between the areas that play key roles in default-state cognitive activity and speech production and (c) greater spontaneous neural activity during the resting of brain areas involved in frontal lobe functions, default cognitive activities, and language functions. Further, these findings suggest that associations between creativity and resting state brain connectivity patterns are different between males and females.
